One key limitation to the application of linear biodegradable polyurethanes (LBPUs) in scaffold materials for bone regeneration is their insufficient mechanical properties. In this study, isosorbide (ISO), a rigid two-ring small diol is 
Introduction
Linear biodegradable polyurethanes (LBPUs) have been attracting lots of attention in biomedical applications due to their fascinating properties such as biocompatibility, 1 biodegradability, 2 mechanical properties 3 and shape memory properties. 4, 5 The most important one is that all performances of LBPUs can be tailored on the basis of the exible molecular designability of LBPUs. Specically, altering either the so segment (polyester doils or polyether doils) or hard segment (diisocyanate, chain extender) in LBPUs will vary their performances to satisfy the versatile requirements in clinical applications. [6] [7] [8] Despite these merits, the major clinical applications of existing LBPUs are focused on so tissues such as the cardiovascular system and skin, among which the LBPUs are mainly based on polyether diol or polycaprolactone (PCL) diol. 9 These LBPUs are highly elastic with low modulus of generally less than 60 MPa even when the content of hard segments is up to 90 wt%. 10, 11 To extend the applications of LBPUs to bone tissues, development of LBPUs with high modulus and strength is required. Replacement of polyether diol or PCL diol by using more rigid poly(D,L-lactic acid) (PDLLA) diol can signicantly enhance the tensile modulus of LBPUs from tens of megapascals to hundreds of megapascals, 12, 13 which, however, cannot meet the requirement of bone scaffold materials either. According to the thorough review by Król, 14 employment of aromatic diisocyanate (toluene diisocyanate or methylenediphenyl diisocyanate) or introduction of urea groups into the backbone of LBPUs by using primary diamines instead of diols as the chain extender can improve the mechanical properties of LBPUs. This has been conrmed by our group and other groups. 15 Unfortunately, the use of aromatic diisocyanate takes the stumble of getting toxic or potentially carcinogenic degradation products, 16 while primary diamines as chain extender brings the challenge of easily getting serious crosslinking during the synthesis of LBPUs because of the high reactivity of -NH 2 with isocyanate.
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As a result, the mechanical properties of the obtained LBPUs are compromised and the degradation becomes difficult. 13 To avoid the crosslinking, our previous studies employed piperazine (PPZ), a six-member ring secondary diamine to replace primary diamine such as 1,4-butanediamine (BDA) as the chain extender to synthesize PDLLA based LBPUs. 12, 13, 17 It was found that the crosslinking was signicantly reduced and the tensile modulus and ultimate strength of the LBPUs were increased from 775 MPa and 22.3 MPa for BDA to 1023 MPa and 34.7 MPa for PPZ, respectively, even when the content of hard segments was as low as only 12.12 wt%. Nevertheless, there was still a little of crosslinking produced with the increase of the PPZ content.
12 As a result, the molecular weight was decreased and the mechanical properties of the corresponding LBPUs were partially compromised. 18, 19 In this study, isosorbide (ISO), a small diol containing a rigid two-ring structure, was selected as the chain extender. Meanwhile, ISO was employed as a co-initiator of D,L-lactide as well to prepare PDLLA diol (ISO-PDLLA). Consequently, new isosorbidebased polyurethanes (ISO-PUs) were prepared including so segments (ISO-PDLLA) and hard segments (ISO and hexamethylene diisocyanate (HDI)) in the backbone of ISO-PUs. Based on this approach, twice introducing ISO into the polyurethane backbone is hypothesized to endow several potential advantages: (i) the special two-ring structure will be helpful to improve the rigidity of ISO-PUs backbones and further enhance their mechanical properties; (ii) employing diol instead of diamine to react with isocyanate should be benecial to avoid crosslinking and elevate the molecular weight of ISO-PUs; (iii) ISO is also a natural small molecule drugs with good biocompatibility. 20 It will not adversely affect the biocompatibility of ISO-PUs.
To verify the hypothesis, the chemical structure, crosslinking degree, molecular weight, glass transition temperature (T g ) and mechanical properties of ISO-PUs were well characterized through fourier transform infrared (FTIR), proton nuclear magnetic resonance ( 1 H NMR) spectroscopy, gel permeation chromatography (GPC), differential scanning calorimetry (DSC) and tensile testing. Meanwhile, the morphology, proliferation and alkaline phosphatase (ALP) activity of MC3T3-E1 cell on the ISO-PUs lms were performed to evaluate the potentiality of ISO-PUs for bone regeneration.
Materials and methods

Materials
D,L-Lactide, isosorbide, 1,6-hexamethylene diisocyanate (HDI), chloroform-d (CDCl 3 ), stannous octoate (Sn (Oct) 2 ), dimethyl formamide, Triton X-100 and FITC-phalloidin (uorescein isothiocyanate labeled phalloidin) were purchased from SigmaAldrich (California, USA). Cell counting kit-8 (CCK-8) and 4,6-diamidino-2-phenylindole (DAPI) were purchased from Dojindo (Kumamoto, Japan). Alkaline phosphatase assay kit and BCIP/ NBT ALP color development kit were purchased from Beyotime (Shanghai, China). Live/dead viability/cytotoxicity kit was purchased from Thermo Fisher Scientic (California, USA). Ethanol, dichloromethane, chloroform, dimethylcarbinol and methylbenzene were purchased from Shanghai Lingfeng (Shanghai, China) and dehydrated with molecular sieve before used. PDLLA (M n ¼ 100 kDa), as the control in this study was purchased from Daigang (Jinan, China).
Synthesis and characterization of ISO-PUs
According to our previous reports, 12,17 ISO-PUs were obtained by three steps as shown in Fig. 1 . Firstly, PDLLA diols were prepared by ring-opening polymerization of D,L-lactide in the presence of Sn(Oct) 2 as an initiator and ISO as a co-initiator at 140
C for 24 h under vacuum (ISO/D,L-lactide ¼ 1 : 50 mol/mol, Sn(Oct) 2 /D,L-lactide ¼ 1 : 5000 mol/mol). The obtained PDLLA diol (ISO-PDLLA) was puried thrice by co-precipitation of chloroform/absolute ethyl alcohol system at room temperature and dried under vacuum at room temperature to a constant weight. Subsequently, the puried ISO-PDLLA was terminated by HDI at 75 C in a 250 mL three-necked ask equipped with a magnetic stirrer by using Sn(Oct) 2 as the catalyst and anhydrous toluene as the solvent. Finally, ISO was added slowly for chain extension at 50 C for 2 h. The obtained mixture was puried by co-precipitation of toluene/ethanol system and dried under vacuum at room temperature to a constant weight, producing the desired ISO-PU polymers. In this process, the molecular weight of polyurethane was regulated by changing the ratio of ISO-PDLLA/HDI/ISO as listed in Table 1 . The 1 H NMR spectra were collected by using an AVANCE III 400 spectrometer (Bruker, Karlsruhe, Germany) with CDCl 3 as the solvent. FTIR spectroscopy was performed on a VERTEX 70 (Bruker, Karlsruhe, Germany). The molecular weight and polydispersity index (PDI) of ISO-PUs were measured by GPC Viscotek 270 max (Malvern, Malvern, UK) with polystyrene as the standard. Three styrene-divinyl benzene (T-, D-, C-, HFIP-series) columns (300 Â 8.0 mm) were used in series with dimethyl formamide as the solvent at a ow rate of 1.0 mL min À1 at 25 C.
Thermal properties were measured from two cyclic heating and cooling scans using DSC Q20 (TA Instruments, New Castle, USA) under nitrogen atmosphere with a cooling rate of 10 C min À1 in the range À40 to 100 C. The aluminum crucible was used to hold the sample and acted as blank control. The glass transition temperature (T g ) was determined from the second heating scan.
Degree of crosslinking
The crosslinking degrees (G t ) of ISO-PUs were investigated by using the method of solubility. Briey, the ISO-PUs samples (1 g, initial weight W 0 ) were immersed in 20 mL chloroform in a beaker with 300 rpm stirring at 25 C. Aer a predetermined time (i.e. 2, 4, 8, 16 , and 24 h), samples were removed from the solvent and dried to constant weight (W t ). The degree of crosslinking (G t ) 21, 22 was calculated with eqn (1):
Mechanical properties
According to the guidelines in ASTM D-638, 23 ISO-PUs were injection-molded into dumbbell shape specimens at 150 C (effective dimensions of 25 mm Â 4 mm Â 2 mm), and the tensile stress-strain curves were collected by using an Instron 1121 instrument (Instron, Boston, USA) at 25 C, 50% humidity with the stretching strain rate of 5 mm min À1 . The tensile strength and modulus were calculated from the stress-strain curve and reported as the mean values (n ¼ 3).
Evaluation of cytocompatibility
2.5.1. Cell culture. The cytocompatibility of ISO-PUs was evaluated by the co-culture assay of ISO-PUs lms with murine calvarial preosteoblasts (MC3T3-E1, ATCC CRL-2594), while PDLLA was employed as the control polymer. The polymeric lms were obtained by spin-coating (Laurell WS-400, California, USA) 50 mL of 4 wt% polymer solution in chloroform on clean glass slides (diameter ¼ 14 mm) and then allowing for slow evaporation at 25 C for 96 h. Before cell culture, the lms were sterilized by ultraviolet irradiation for 30 min. All samples were placed in 24-well cell culture plates for cell seeding and culturing. Cells were seeded onto polymer substrates at a density of 1 Â 10 4 cells per well for all experiments, except for specied descriptions. 2.5.2. Live/dead staining. The Live/dead staining was utilized to perform the primary cytotoxicity of ISO-PUs. Aer seeding MC3T3-E1 cells on polymeric lms for 24 h of culture, the samples was stained with Live/dead viability/cytotoxicity kit for 30 min at 25 C and the uorescent images were observed with a uorescence microscopy (BX53, Olympus, Tokyo, Japan). 
] (x means: ISO-PDLLA, HDI and ISO, respectively).
c Measured using 1 H NMR.
2.5.3. Cell morphology. The cell morphology on lms was observed by means of uorescent staining as established previously. For staining, briey, MC3T3-E1 cells were seeded on lms (n ¼ 3) for 24 h of culture, and then xed by 4% (wt/v) paraformaldehyde at 4 C for 30 min and permeabilized with 0.1% Triton X-100 in PBS solution for 5 min. The cytoskeleton and nuclei were stained with FITC-phalloidin and DAPI, respectively. The cytoskeleton and cell nuclei were detected with a confocal laser scanning microscope (Leica TCS SP8, Wetzlar, Germany). Cell spreading area was measured by ImageJ (NIH) using the active contours algorithm. 24 2.5.4. Cell proliferation. The relative cell viability and proliferation was determined using a cell counting assay. 25 The MC3T3-E1 cells were seeded onto ISO-PUs and PDLLA lms in the modied Eagle's medium alpha (a-MEM, GE Hyclone, Logan, USA) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. They were incubated under a CO 2 (5%) atmosphere at 37 C and the culture medium was changed every 2 days. Aer 1, 3, 5 and 7 days of culture on the lms (n ¼ 6), CCK-8 solutions were added to each well and incubated for 2 h, and the optical density (OD) was measured by a microplate reader (Bio-Rad 550, California, USA) at 450 nm to determine the viability of MC3T3-E1 cells in comparison with the control. 2.5.5. Alkaline phosphatase assay (ALP assay). MC3T3-E1 cells were seeded on polymeric lms at a density of 1 Â 10 5 cells per well to determine the levels of ALP activity. Aer 4, 7 and 14 days of co-culture, the cells were washed thrice with PBS and lysed in 0.2 vol% Triton X-100. The ALP activity was determined using a colorimetric assay with an ALP reagent containing p-nitrophenyl phosphate (p-NPP) as the substrate (Beyotime, Shanghai, China). The absorbance of p-nitrophenol was monitored at 405 nm. The intracellular total protein content was determined using the MicroBCA protein assay kit (Thermo Pierce, California, USA), and the ALP activity was normalized to the total protein content. For ALP staining, the samples cultured for 14 days were rinsed twice with PBS, xed by 4% (wt/v) paraformaldehyde at 4 C for 30 min, and rinsed with ultra-pure water for 45 s. Then the samples were stained with BCIP/NBT alkaline phosphatase color development kit (Beyotime, Shanghai, China) followed the manufacturer's protocol and pictures were taken by microscopy (BX 53, Olympus, Tokyo, Japan).
Statistical analysis
One-way single factor analysis of variance (ANOVA) was used to analyze the statistical signicance of experimental results. Experimental data were expressed as means AE SD (n $ 3), and a paired t-test (Student's t-test) was performed with p < 0.05 considered to be statistically signicant.
Results and discussion
Synthesis and characterization of ISO-PDLLA diol and ISO-PUs
As shown in Fig. 1 12 The characteristic peaks of ISO were not observed possibly because of the low contents of ISO in both ISO-PDLLA and ISO-PU1.3.
To further verify the existence of ISO in both ISO-PDLLA and ISO-PUs, the 1 H NMR spectra of ISO-PDLLA and ISO-PU1.3 were collected and shown in Fig. 3a and b, respectively. In Fig. 3a , peak a belonged to the chemical shis of -CH protons within the PDLLA segments, while peaks a 0 and a 00 corresponded to the terminal CH protons of lactyl units connecting with -OH and the CH protons of lactyl units connecting with ISO. Those CH 3 protons from lactyl units were collectively observed by peaks b, b 0 and b 00 . These peaks were observed as well by the previously published results. 12, 13 In addition to the peaks from PDLLA segments, other peaks from ISO were observed. Specically, peak c was assigned to the CH protons of ISO connecting with the ester groups, while d and e were assigned to the CH 2 and CH groups connecting with the ether groups in ISO. Similar peaks from ISO were partially observed by van Velthoven et al. as well. 26 Peak c was noticed to overlap with peak a 0 . To conrm these assignments, the integrals of a 00 (I a 00 ), c & a 0 (I c+a 0 ) and d & e (I d+e ) were calculated. Since the integral of a 0 (I a 0 ) should be theoretically identical to that of a 00 (I a 00 ), the integral of c (I c ) View Article Online could be regarded as the difference between I c+a 0 and I a 00 , that is, I c ¼ I c+a 0 À I a 00 ¼ 2.01 À 1.00 ¼ 1.01. Obviously, I d+e was almost thrice of I c (I d+e /I c ¼ 3.02/1.01 z 3/1), conforming to the stoichiometric ratio in ISO molecules. These results revealed that ISO has been successfully inserted into the backbone of PDLLA diol. Moreover, based on I a (¼48.14) and I a 00 (¼1.00) (or I c (¼1.01)), the M n of ISO-PDLLA could be calculated by using eqn (2):
where, 72 is the molecular weight of lactyl repeating units within PDLLA blocks and 146 is the molecular weight of ISO. The calculated M n was about 7222 g mol À1 , which is consistent with the reported result that, when the molar ratio of co- initiator to D,L-lactide was 1/50, the obtained PDLLA diol could get a M n value of about 7.0 kDa.
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Aer ISO-PDLLA was reacted with HDI and ISO (chain extender), the peaks from the terminal CH 3 (peak b 0 ) and CH (peak a 0 ) in ISO-PDLLA almost disappeared in ISO-PUs, and new peaks f, g and h were observed (Fig. 3b) . Peak f was assigned to the terminal CH 2 protons of HDI connecting with the urethane groups, whereas peak g and h were attributed to the inner four CH 2 of HDI. These assignments could be further veried by the stoichiometric ratio of I g+h to I f , i.e. I g+h /I f ¼ 6.36/3.14 z 2/1. It was worthy of noting that the chain extension of ISO-PDLLA by ISO resulted in higher ISO content in ISO-PU polymer than in ISO-PDLLA. Specically, the molar ratio of ISO (including both the co-initiator ISO and the chain extender ISO) to ISO-PDLLA could be calculated based on the ratio of (I c+d+e /4)/I a 00 . In ISO-PU1.3, the ratio was close to 1.32/1 (I c+d+e /4 ¼ (1.58 + 3.72)/4 This journal is © The Royal Society of Chemistry 2017 z 1.32; I a 00 ¼ 1.00) whereas in ISO-PDLLA, the ratio was close to 1/1 (I c+d+e /4 ¼ (2.01 + 3.02 À 1.00)/4 z 1; I a 00 ¼ 1.00), indicating higher ISO content in ISO-PU1.3. All above results conrm that ISO as the chain extender has been successfully inserted to get the desired ISO-PUs.
Degree of crosslinking
It is known that one challenge for preparing LBPUs as an implanted material is to avoid crosslinking during the synthesis process. To conrm our hypothesis that introducing ISO as the chain extender may reduce crosslinking, the crosslinking degrees of ISO-PUs were investigated by using the method of solubility. The polymer with lower crosslinking degree will dissolve more rapidly in a suitable solvent. As shown in Fig. 4a , ISO-PU1.1, ISO-PU1.3 and ISO-PU1.5 completely dissolved in chloroform aer immersion of 2 h, 4 h and 16 h, respectively, demonstrating negligible crosslinking. As reported previously, piperazine (PPZ) as the chain extender could reduce the crosslinking of LBPUs when compared with BDA; PPZ extended PU (PPZ-PUs) could completely dissolve in chloroform aer immersion of 24 h when the molar ratio of PDLLA diol/HDI/PPZ was up to 1.0 : 1.4 : 0.4, beyond of which, however, the crosslinking degree sharply increased so that the obtained PPZ-PUs became insoluble in chloroform. 17 On the contrary, in this present study, even when the molar ratio of ISO-PDLLA/HDI/ISO was as high as 1.0 : 1.5 : 0.5, most of the ISO-PU1.5 could dissolve in chloroform aer immersion of 8 h though a complete dissolution took place aer 16 h (Fig. 4b and S1 †) . Therefore, it may be concluded that the selection of ISO as the chain extender could indeed deal with the problem of crosslinking during the synthesis of LBPUs.
The molecular weight and polydispersity index (PDI)
The typical GPC curves of various ISO-PUs were shown in Fig. 5a  (Fig. S2 †) and the detailed molecular weight and PDI values were summarized in Table 1 . It was seen that, with the increase of ISO-PDLLA/HDI/ISO from 1.0 : 1.1 : 0.1 to 1.0 : 1.5 : 0.5, the M n values of ISO-PUs increased from 64.18 kDa to 84.79 kDa and the PDI values increased from 1.69 to 1.86. This continuous increase of molecular weight should be contributed by the negligible crosslinking during chain extension by ISO (Table 1 , Fig. 4b) . Conversely, the highest M n of PPZ-PUs was seen as only 50.81 kDa due to the existence of crosslinking. [17] [18] [19] It should be especially noted that ISO-PU1.5 had the highest PDI and M w values of 1.86 and 157.75 kDa, respectively, which should be responsible for its slow dissolution in chloroform (Fig. 4b) . Again, we could conclude that ISO as chain extender can improve the molecular weight of ISO-PUs by reducing the degree of crosslinking.
Thermal properties
The DSC analysis was executed to characterize the thermal behaviors of ISO-PDLLA and corresponding ISO-PUs, and the results were summarized in Fig. 5b and Table 1 59.48 C. According to Gnanarajan's and Liu's works, 27,28 the chemical structure of polyurethane played a key role in inu-ence of its T g , especially its hard-so phase separate in polyurethane. Therefore, the increase of T g might be attributed to the multi-segmental structure of ISO-PUs, in which, HDI/ISO as the hard segments provided an abundance of rigid ISO rings and rigid urethane groups for the ISO-PUs, which restrict the mobility of so segments. Also, with the increase of hard segments contents, the more hydrogen bonds might formed by the carbonyl groups in ISO-PDLLA diol and the -NH-in urethane groups, further limited the rotation of so segments and increased T g . 29, 30 3.5. Mechanical properties Sufficient mechanical properties are essential for a scaffold material to support the repair process of the defect bone tissue. 31 Compared with other traditional biodegradable materials such as biodegradable metals and ceramics, biodegradable polymers are relatively weak in mechanical properties. Among various biodegradable polymers, PDLLA is one of the most popular biodegradable polymers in orthopedic devices, whose elastic modulus was reported to be around 2 GPa. 32, 33 In this study, PDLLA with a M n value of 100 kDa was chosen as a reference for evaluating the mechanical properties of ISO-PUs. Fig. 6a illustrated the tensile stress-strain curves of PDLLA and ISO-PUs. The corresponding ultimate tensile strength (s), tensile modulus (E t ), and elongation at break (3 b ) were presented in Fig. 6b-d , respectively. It was observed that the tensile strength and modulus of all ISO-PUs were more than 30 MPa and 1.8 GPa, respectively, which were obviously higher than those of previously reported LBPUs including PPZ-PUs. 12 In particular, the tensile strength of ISO-PUs signicantly increased from 31.25 AE 1.62 MPa for ISO-PU1.1 to 42.68 AE 1.47 MPa for ISO-PU1.5. On the other hand, the tensile modulus of ISO-PUs kept increasing from 1.84 AE 0.19 GPa for ISO-PU1.1 to 2.57 AE 0.23 GPa for ISO-PU1.5. Compared with PDLLA, both ISO-PU1.3 and ISO-PU1.5 demonstrated higher tensile strength and modulus though their elongation at break was slightly smaller than that of PDLLA. All these results are well consistent with our hypothesis that the rigid double-ring structure of ISO and the ease control of crosslinking by using ISO can enhance the mechanical properties of ISO-PUs.
Evaluation of cellular compatibility
In addition to sufficient mechanical properties, sound cytocompatibility is indispensable as well. Firstly, the viability and morphology of MC3T3-E1 cells on various polymeric lms for 24 h of culture were detected as shown in Fig. 7 . Live/dead staining (Fig. 7a) revealed that there were fewer red dead cells on ISO-PUs than those on PDLLA, suggesting the better primary compatibility of ISO-PUs than PDLLA. This was further conrmed by the results of morphology of MC3T3-E1 cells (Fig. 7b and c) . The cells on ISO-PUs lms spread better than those on PDLLA lms (2523 AE 156 mm 2 ). Moreover, the cell areas increased from 3756 AE 183 mm 2 to 4846 AE 268 mm 2 with the increase of hard segments content from 1.0 : 1.1 : 0.1 to 1.0 : 1.5 : 0.5. This should be due to the abundant urethane/ urea groups in ISO-PUs, which are hydrophilic and proved to promote cell adhesion and spread.
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Furthermore, the better primary compatibility and spreading on ISO-PUs promoted better cell proliferation than that on PDLLA lms, especially aer cell seeding of 3 days (Fig. 8a) . The similarly low cell proliferation between PDLLA and ISO-PUs on day 1 should be attributed to the fact that the cells at this stage were primarily expressing proteins to adapt cell adhesion, spread and subsequent cell proliferation. As a result, the cell proliferation on ISO-PUs was promoted with the increase of hard segments as well. Based on the cell morphology and cell proliferation, ISO-PUs demonstrated better cytocompatibility with MC3T3-E1 cells than PDLLA.
In addition, the initial osteo-differentiation of MC3T3-E1 cells on PDLLA and ISO-PUs lms was detected with ALP activity at 4, 7 and 14 days of culture. As illustrated in Fig. 8b , the relative ALP activity for all groups increased during the testing cycle. Meanwhile, the ALP activity of MC3T3-E1 cells on ISO-PUs improved signicantly compared to PDLLA at 14 days, except for ISO-PU1.1. These results were further conrmed by the stained images of ALP-positive areas of MC3T3-E1 cells on polymeric lms for 14 days as shown in Fig. 8c . It noted that the ALP-positive areas of PDLLA were the least and the ALP-positive areas of ISO-PUs improved with the increase of hard segments content. Therefore, it could be concluded that ISO-PUs had certain osteogenic capability, which would be benecial for bone regeneration.
Conclusions
A series of novel biodegradable ISO-PUs with ISO as the chain extender were synthesized successfully. The results revealed that incorporating ISO as chain extender could signicantly reduce the degree of crosslinking and increase the molecular weight of ISO-PUs. Moreover, the obtained ISO-PUs presented excellent tensile strength and modulus and their mechanical properties could further improve with increase of hard segments contents. In addition, the ISO-PUs also demonstrated good cytocompatibility and osteo-differentiation with osteoblasts, suggesting a potentially ideal biomaterial for bone regeneration.
